The authors have noted that wires could be the best candidate material to create truss PCMs, because they can easily obtain high strength as in piano wires, are simple to be fabricated, and can be controlled for good quality. Seven new ideas to fabricate truss PCMs using wires, namely, straight bulk octet, bulk woven Kagome, circular spring Kagome, hexagonal spring Kagome, dual wired octet, and dual wired Kagomes are presented. The assembly process, the geometry, features and benefit of each idea are described. Also, the analytic solutions of the stiffness or strength, and the constraints for selecting proper materials are discussed.
Introduction
Recently, truss PCMs (Periodic Cellular Metals) have drawn attention because of their high multi-functionality, which is mostly due to the open cell architecture, as well as their excellent specific strength and stiffness. Several types of truss PCMs are available; pyramid, lattice block, tetrahedral (or octet), Kagome and so on. A number of mechanical analyses on the truss PCMs have been performed. For example, Wicks and Hutchinson 1, 2) have estimated the strength of sandwich panels for competing failure mechanisms and addressed the optimization of the sandwich panels subjected to crushing stress, bending, and transverse shear. And Hyun et al. 3) have shown that Kagome structure is isotropic and more resistant to plastic buckling than tetragonal structure under both compression and shear.
Several kinds of techniques for fabricating 3-dimensional truss PCMs have introduced, namely, investment casting assisted by rapid prototyping techniques, bending of perforated metal sheets then stacking node-to-node, and layering metal textiles. [4] [5] [6] However, several issues like high cost, intrinsic defects, low strength due to non-ideal truss structure, material loss, and local tearing or wrinkling remain still to be solved.
Wires could be the best candidate material to create truss PCMs, because they can easily obtain high strength as in piano wires, are simple to be fabricated, and can be controlled for good quality. Therefore, new ideas for fabricating octet or Kagome trusses using wires have been developed in the authors' lab. They were named 'straight bulk octet', 'bulk woven Kagome', 'circular spring Kagome', 'hexagonal spring Kagome', 'dual wired octet', 'dual wired Kagome-1', and 'dual wired Kagome-2'. The former two are bulk truss PCMs having six-axes structure, and the rest are single layered PCMs based on three-axes weaving. In this article these truss structures are explained about the geometry and how to be assembled. Other features regarding the performances, applications, merits, and shortcomings are discussed.
Ideas to Fabricate Truss PCMs Using Wires

Straight bulk octet
On a plane, three groups of parallel straight wires are laid in sequence in three directions angled by 120 degree each other, which form a regular mesh of equilateral triangles when viewed from the top. The interval between every the two nearest wires in the parallel wires, w is constant. As illustrated in Fig. 1(a) , the meshes which are on the x-z plane are vertically (in y-direction) disposed with a regular interval of ffiffiffiffiffiffiffi ffi 8=9 p w. Since every mesh next to a mesh is displaced by 1/3 of a side length of the triangle in x-z plane, the same meshes are repeated in every three meshes. Then, another three groups of parallel wires are inserted being angled to x-z plane so as to form octet structures with six groups of parallel wires in total. Figures 1(b) and (c) respectively illustrate the configuration in which only one group of parallel wires are inserted into the multi layered meshes of Fig. 1(a) and that in which all the six groups of parallel wires are assembled. Figure 1(d) illustrates the configuration of the unit cell. After assembly, all the intersections are jointed by a proper way such as electric resistance welding, brazing or resin bonding. There is no interference among wires and it is easy to assemble. Since the wires are neither bent nor twisted, the mechanical strength and stiffness do not attenuate. However, the wires are not self supported, but need additional holders to keep the shape of the structure, which might yield difficulties during the fabrication procedure. And also, the thicker wires makes the structure more divergent from the ideal octet truss. Imagine how the shape of the unit cell of Fig. 1 (d) will be changed with the thicker wire, that is, the junctions corresponding to the apexes of tetrahedrons composing the octet truss become much bigger in size. Figure 2 (a) illustrates a two-dimensional wire-woven structure formed of three orientational-parallel wire groups. Each group of parallel wires are interwoven in three directions angled by 120 degree each other and at each intersection two wires are crossed. Figure 2 Fig. 2(a) , respectively, where the triangles and parallelograms of the two-dimensional structure are converted into the tetrahedrons and the parallelepiped, respectively. At each intersection three wires are crossed. Unlike the octet trusses in Fig. 1 , the wires are 'woven', namely, intercross each other. Consequently, each wire is bent or twisted with the same pitch as the truss element length and the assembling process would be very hard, especially if hard wires are used as the raw materials. Any techniques for six axes weaving have not been established, yet. Perhaps, a fresh approach is needed. However, once assembled into a bulk Kagome shape, wires are self-supported each other, that is, get together strongly even with the intersections not bonded. Then it would be easy to handle the materials after assembly. Moreover, since this structure is pseudo ideal Kagome, this is expected to be isotropic in mechanical properties. The isotropic bulk ultra-light material would be a big impact on our community.
Bulk woven Kagome
Circular spring Kagome
This idea is about constructing an elastic sandwich panel using coil springs. First, one group of springs are laid in rows in one direction. Each spring forms a sine wave whose maximum and minimum points are respectively contacted with the minimum and maximum points of the nearest spring when viewed from the top, as shown in Fig. 3(a) . Then, another group of springs are assembled into the first group in 60 degrees of the length direction. Here, each spring of the second group goes turning counter-clockwise through the first group, as shown in Fig. 3(b) . The maximum and minimum points of each spring of the second group should keep close to those of the first group. Finally, the third group of springs are assembled so that the three groups are angled by 120 degree each other. Figures 3(c) and (d) are a top view and a perspective view of the final assembly, respectively. It looks like a mattress structure Fig. 3 (e) illustrates a sandwich panel having the circular spring Kagome as the core, and Fig. 3(f) illustrates the cross-section compared with that of a sandwich panel with the ideal Kagome truss core. Geometrical similarity is observed between the two crosssections. This is why the spring structure is named as a kind of Kagome. Because of the circular arc which corresponds to the truss element of the idea truss structure, the stiffness is quite low and deforms elastically up to a substantial extent of displacement, but thereafter the stiffness increases rapidly due to contact or interference among wires. This structure is expected to be good for shock absorbing applications.
Hexagonal spring Kagome
This idea has been developed on purpose to enhance the stiffness of the circular spring Kagome structure by replacing the circular arcs with straight bars. That is, hexagonal springs were used as the raw materials and the same fabrication process as the circular spring Kagome can be applied. Figure 4(a) illustrates the perspective view of the hexagonal spring Kagome. And Fig. 4(b) illustrates its top and side views compared with those of the ideal Kagome. The side view indicates the better similarity to the ideal Kagome than the circular spring Kagome. In fact, the two spring Kagome structures share other characteristics as shown in the top view. However, the assembly process appears to be more difficult because the hexagonal springs should not go turning through the other hexagonal springs smoothly. Moreover, as shown in the side view, six wires in total pass each other at the middle points. Consequently, the middle points tend to be too bulky, especially for thick wires.
Dual Wired Octet
First, wires are bent into a triangular wave shape, and then, intercrossed each other like in a tri-axial weaving, even though interference among wires is very little in the assembled configuration. A new way such as weaving-thencrimping is needed for assembling process. Owing to the little interference among wires, thick wires can be used to have the struts with low slenderness (i.e., thick and short struts) for heavy load applications.
Dual Wired Kagome-1
This idea is based on the same approach as in the dual wired octet, namely, bending-then-assembling. The difference arises from the different shape of bent wires at the beginning. Figure 6 (a) illustrates a wire bent into a triangular wave shape having an interval between the triangles. The bent wires are assembled in the same way as the dual wired octet. Figure 6(b) illustrates the assembly. The configuration near the tetrahedron trusses is exactly the same as that of the dual wired octet. Two of these assemblies at bottom and top are joined at each apex to form a Kagome structure. Because of the geometric similarity, many characteristics are shared with the dual wired octet. For example, the low interference among wires makes it possible to have the thick and short struts. However, joining each apex at once would be an issue in the practical engineering process.
Dual Wired Kagome-2
This is another variant of the dual wired octet. First, wires are bent into the trapezoidal wave shape shown in Fig. 7(a) , and then, the bent wires are assembled in the same way as the dual wired octet. Figures 7(b) and (c) illustrate the 1/4 assembled structure and the final assembly, respectively. Each strut is composed of two twisted wires. The upper insert indicates, at each top and bottom of the assembly, three wires form a regular triangle, which makes the assembly look like a tetrahedron truss with its apex cut. The lower insert indicates, at the middle plane, six wires are bent slightly so that they can pass by each other at a point. Figure 7(d) is a top view of the dual wired Kagome. Each point where the six wires meet has twisted struts, and one wire of the strut hides beneath the other and three wires overlap each other clockwise (or counter-clockwise). As mentioned above, the wires in this structure should be bent near the middle plane. Therefore, the thicker the wire is, the harder it is to manage. Also the buckling strength would be deteriorated. Table 1 summarizes the new ideas to fabricate periodic cellular metals using wires, and their characteristics such as the geometry and assembly. As mentioned earlier, the first two ideas are to fabricate bulk PCMs. To date, most of bulk truss PCMs have been made by layers stacking, that is, onelayer structures are first fabricated and then laminated into a bulk structure. Therefore, the structures are disadvantageous in terms of manufacturing cost and the strength, due to the batch process and too many bonding joints, respectively. On the contrary, the straight bulk octet and the bulk woven Kagome are consisted with continuous wires, hence a threedimensional structure of truss-type can be continuously fabricated by means of a through process in such a way to weave continuous wires into a fabric, thereby enabling a mass production and cost-down even though the proper process remains to be devised. Also, any other materials can be used as the raw materials, as long as they can be made into wires. Particularly, if fibers or fiber reinforced plastic (FRP) wires are used, bulk FRPs with little anisotropy can be obtained. However, the six axes construction makes it hard to manufacture with technologies available currently, yet.
Evaluation of the Ideas and Discussion
Other five ideas are to fabricate one-layer structures. And the structures mostly serve as cores of sandwich panels being bonded with a pair of face sheets. The circular spring Kagome and hexagonal spring Kagome are the same in the sense that helical springs are the raw materials. Only difference is the shape of the arms composing the structures, namely, circular arcs and straight bars. On the middle plane six wires pass each other in six different directions. Hence, the structure never be a tetrahedron truss, but rather similar to a hexagonal pyramid truss. And the overall configuration is substantially different from the ideal Kagome, even though the geometrical similarities are observed in Figs. 3 and 4 . The last three ideas, namely, the dual wired octet, dual wired Kagome-1 and 2 are based on the same process, i.e., wirebending-then-weaving or weaving-then-crimping. The differences arise from the shape of the bent wires. They are the shapes of the triangular wave, half triangular wave, and trapezoidal wave, respectively. Current technologies of triaxial weaving would be useful for the purpose of assembling or weaving. Relative density of each structure has been derived by assuming that the diameter of wires, d is much smaller than the sizes of trusses like strut length, l or the thickness of a single layer of the trusses, D. The results are expressed as functions of d=D in Table 1 . Those of the first two ideas, i.e., the straight bulk octet and the bulk woven Kagome were determined for the bulk, i.e., multi-layered structures, in which a layer share the wires located on its top and bottom with the upper and the lower neighbor layers, respectively. The rest were determined for a single layer. This is rational in the sense that the first two are likely used as bulk materials and the rest are good for use as single-layered cores of sandwich panels. For a given d=D, the relative densities of the first two structures are the lowest because each strut is a single wire and it serves as an element of tetrahedron truss, as shown in Figs. 1(d) and 2(c) . The one of the dual wired octet is doubled because each strut consists of two wires. Those of the rest Kagome structures, i.e., circular spring Kagome, hexagonal spring Kagome, Dual Wired Kagome-1 and -2 are even higher, which owes to not only doubled wires (six wires meet at the middle points) but also considerable part of wires located on its top and bottom which would be in contact with the face sheets when the Kagome structures serve as core of a sandwich panel. Because all the trusses except for the circular spring Kagome are constructed of the straight wires with circular cross-sections, the analytic solutions of the stiffness or strength, which are derived from elementary beam theory, are simple and even accurate. Lim and Kang 7) have found that the analytic solutions of effective elastic modulus and flexural strength and stiffness of sandwich panels having the dual wired octet and dual wired Kagome-2 cores give estimation accurate enough for practical applications.
In order to manufacture the metal wired structures, it is important to select proper materials. The manufacturing process includes bending (or forming), bonding (or welding, brazing, resin bonding), and heat treatment. Therefore, workability in metal forming, weldability or brazing ability, and hardenability should be taken into account. For example, ultra high strength steel wires tend to have poor workability. On the other hand, aluminum alloy wires containing magnesium such as 5xxx have poor brazing ability. Strength of metals likely weakens during welding or brazing. Under the constraints, some low-alloy high strength steel, 6xxx aluminum alloy, or stainless steel would be a good choice. The steel has merit because the strength and workability are easily controlled by a conventional annealing or quenching. Brazing of the steel with pure copper filler metal has been proved to give good results with regard to bonding strength as well as productivity. 7) Dip brazing of 6061 Al alloy and aging treatment at mild temperature also has given good results. The stainless steels have their own advantage, namely, corrosion resistance with fairly good workability and weldability.
Conclusions
Seven new ideas to fabricate truss PCMs using wires, i.e., straight bulk octet, woven bulk Kagome, circular spring Kagome, hexagonal spring Kagome, dual wired octet, and dual wired Kagome have been introduced. The assembly process, the geometry, features and benefit of each idea have been described. As the results, the conclusions have been obtained as follows;
(1) The straight bulk octet, woven bulk Kagome are to fabricate bulk PCMs through 3-dimensional assembling with continuous wires. Hence a three-dimensional structure of truss-type can be continuously produced by means of a through process in such a way to weave continuous wires into a fabric, thereby enabling a mass production and cost-down even though the proper process remains to be devised. (2) The circular spring Kagome and hexagonal spring Kagome are the same in the sense that helical springs are the raw materials. And the overall configuration is substantially different from the ideal Kagome. (3) The dual wired octet, dual wired Kagome-1 and 2 are based on the same process, i.e., wire-bending-thenweaving-then-crimping. The differences arise from the shape of the bent wires. Current technologies of triaxial weaving would be useful for the purpose of assembling or weaving. (4) Because all the trusses except for the circular spring Kagome are constructed of the straight wires with circular cross-sections, the analytic solutions of the stiffness or strength, which are derived from elementary beam theory, are simple and even accurate. (5) In order to select proper materials, workability in metal forming, weldability or brazing ability, and hardenability should be taken into account. Low-alloy high strength steel, 6xxx aluminum alloy, or stainless steel would be a good choice.
